ABSTRACT Background: The Canadian Health Measures Survey (CHMS) is an ongoing cross-sectional national survey that includes a measure of 25-hydroxyvitamin D [25(OH)D] by immunoassay. For cycles 1 and 2, the collection period occurred approximately every 2 y, with a new sample of w5600 individuals. Objective: The goal was to standardize the original 25(OH)D CHMS values in cycles 1 and 2 to the internationally recognized reference measurement procedures (RMPs) developed by the US National Institute for Standards and Technology (NIST) and Ghent University, Belgium. Design: Standardization was accomplished by using a 2-step procedure. First, serum samples corresponding to the original plasma samples were remeasured by using the currently available immunoassay method. Second, 50 serum samples with known 25(OH)D values assigned by the NIST and Ghent reference method laboratories were measured by using the currently available immunoassay method. The mathematical models for each step-i.e., 1) Y Current = X Original and 2) Y NIST-Ghent = X Current -were estimated by using Deming regression, and the 2 models were solved to obtain a single equation for converting the "original" values to NIST-Ghent RMP values. Results: After standardization (cycles 1 and 2 combined), the percentage of Canadians with 25(OH)D values ,40 nmol/L increased from 16.4% (original) to 19.4% (standardized), and values ,50 nmol/L increased from 29.0% (original) to 36.8% (standardized). The 25(OH)D standardized distributions (cycles 1 and 2 analyzed separately) were similar across age and sex groups; slightly higher values were associated with cycle 2 in the young and old. This finding contrasts with the original data, which indicated that cycle 2 values were lower for all age groups. Conclusion: The shifts in 25(OH)D distribution brought about by standardization indicate its importance in drawing correct conclusions about potential population deficiencies and insufficiencies and in permitting the comparison of distributions between national surveys.
INTRODUCTION
The Canadian Health Measures Survey (CHMS) 11 is an ongoing cross-sectional national survey that includes a measure of plasma total 25- (4) , which affects food-fortification policies and identifies potential needs within the food supply. Because Canada is a northern country with a more limited productive sunlight period (5-7), vitamin D status is of greater concern in general and to individuals of nonwhite ethnic origin who may be at higher risk of insufficiency because of darker skin pigmentation (7, 8) . Evaluating factors that may influence 25(OH)D concentrations in these individuals is difficult because of their lower prevalence within the Canadian population, necessitating combining CHMS cycles to obtain sufficient data to enable analysis of age, sex, BMI, dietary group, and sun exposure.
Combining data from different collection cycles can be problematic. Several factors can influence 25(OH)D concentrations over time, including direct effects on intake [public health messaging, abundance in the food supply, or changes in the doses found in commonly consumed supplements (9) ], problems with assay drift and/or shift despite the use of external control programs (10) , and changes in instrumentation or assay composition (11) . For the CHMS, instrument performance issues necessitated a change in the autoimmunoanalyzer between cycles 1 and 2. In addition, a change in the Diasorin method at the end of cycle 2 restricted the analyses to serum 25(OH)D; all previous analyses had been performed with the use of plasma. A calibration study was therefore required to link the values from CHMS cycles 1 and 2 to the current method. In recognition of these issues, and of the difficulties of comparing across the different assay platforms used by national surveys (11, 12) , the US Office of Dietary Supplements (NIH) in collaboration with the National Institute of Standards and Technology (NIST), CDC, Ghent University, and 8 national surveys (including the CHMS) organized the Vitamin D Standardization Program (VDSP) (13, 14) . The VDSP reference measurement system includes internationally recognized reference measurement procedures (RMPs) developed by the NIST (15) and the University of Ghent (16) and Standard Reference Materials, which can be purchased from the NIST (17, 18) .
Here we describe the procedure used to standardize the 25(OH)D values from CHMS cycles 1 and 2 to the RMPs and present equations for converting the originally released data to the VDSP RMP standard. This procedure minimizes changes in assay performance for each cycle and greatly increases the usefulness of the data by allowing comparison across cycles.
METHODS

Subjects
The CHMS (1, 19) is a cross-sectional survey of roughly 5600 Canadians per cycle that repeated approximately every 2 y for cycle 1 (2007-2009 ) and cycle 2 (2009-2011) . Each cycle included samples from 15 sites across Canada chosen at random over the calendar year (20) . The survey excluded residents of Indian reserves, Crown lands, certain remote regions, and institutions and full-time members of the Canadian Forces. Cycle 1 consisted of 5604 subjects (48% males) aged 6-79 y (median age: 33 y) who reported to a mobile examination center for physical measurements. This represents 51.7% of the individuals originally contacted. Of these individuals, plasma 25(OH)D data were obtained for 5306 (95%) subjects. The second cycle consisted of 6395 subjects (48.1% males) aged 3-79 y (median age: 32 y; overall response rate: 55.5%); plasma 25(OH)D data were obtained for 6030 (94%) subjects. The combined sample size for cycles 1 and 2 was 11,336. Each cycle was weighted to be representative of .96% of the Canadian population.
Sampling, analysis, and quality control Plasma samples were collected and analyzed as previously described (21, 22) . 25(OH)D was measured by using a LIAISON autoimmunoanalyzer (Diasorin Inc.). LIAISON 25OH Vitamin D TOTAL Assay integrals, LIAISON system liquid, starter reagents, and reaction modules were also obtained from Diasorin Inc. The assay was performed as indicated in the manufacturer's product insert. The autoimmunoanalyzer was changed between cycles 1 and 2 as a result of problems with the instrument.
Quality controls were as previously described (22) . In addition, the laboratory was in proficient standing in the Vitamin D External Quality Assessment Scheme (23) . Assay drift was monitored starting with cycle 2 by using in-house pooled material at 3 concentrations of 25(OH)D. CVs for data from cycle 1 (10.8%) and cycle 2 (10.2%) were calculated by using the 3 concentrations of Bio-Rad external control samples previously reported (22) . CVs were calculated according to guidelines (EP5-A2) approved by the Clinical Laboratory and Standards Institute (24) .
Standardization
The VDSP reference measurement system and associated RMPs from the NIST and Ghent laboratories were described in detail previously (13, 14) . The CV for the measurement of vitamin D in these laboratories was 1.86%. The protocol for standardizing CHMS plasma 25(OH)D values from cycles 1 and 2 was complicated by a change in the assay formulation, which occurred at the end of CHMS cycle 2 (December 2012). This necessitated the adoption of a 2-step procedure, similar to that reported by Cashman et al. [(25; Supplemental Figure 1 and Supplemental Table 1 ]. First, the number of samples to be remeasured in each cycle was calculated by using each cycle's 25(OH)D range of concentrations, quartile cutoffs, and CVs for the original assay and new assay. The calculated sample size was 90 for each cycle. Next, serum samples corresponding to plasma samples originally analyzed in CHMS cycles 1 and 2 [original 25(OH)D $10 nmol/L] were selected by dividing the range of interest into intervals by using the quantiles of the observed samples and uniformly sampling equal number of Xi's from each of the subintervals (26) . All samples with values . 100 nmol/L were also selected, totaling 107 (cycle 1) and 109 (cycle 2) samples. However, a single outlier (.4 SD) was removed from the cycle 1 data, and 3 outliers were removed from the cycle 2 data (.4 SD), which resulted in a total sample of 106 for both cycles 1 and 2.
The selected CHMS serum samples were measured in singlet with the current version of the LIAISON assay (code 310600) by using 3 different lot numbers (on 3 different days) for cycle 1 and 4 different lot numbers (on 4 different days) for cycle 2. A weighted Deming regression analysis was then conducted to establish the relation between the originally measured plasma 25(OH)D values (old assay method) and serum 25(OH)D values measured by using the current assay method, assuming that the ratio of the CVs for the different methods was constant. For cycle 1, the variance ratio used for the Deming regression (plasma/ serum) was 1.141 and for cycle 2 was 0.926.
The second step involved standardizing the current immunoassay to the NIST and Ghent RMPs. To do this, 50 serum samples from individual donors (with target values assigned as the mean values from the NIST and Ghent University RMPs) were measured by using the current LIAISON procedure. The serum samples were collected by Solomon Park using Clinical Laboratory and Standards Institute guidelines (27) 
Statistical analysis
Weighted Deming Regression analyses were run by using CBStat5 (K. Linnet Charlottenlund) and verified by using the Method Comparison Regression program in R. The proportion of the Canadian population with 25(OH)D values ,30, ,40, and ,50 nmol/L were calculated by using the combined data from cycles 1 and 2. Representational weights for individuals, released with data for each CHMS cycle, were used to obtain nationally representative distributions of 25(OH)D status. The value of 40 nmol/L has been defined as the equivalent of the estimated average requirement (EAR) for vitamin D (28) . The proportion of the population with values ,40 nmol/L is therefore an estimate of the percentage of the population with inadequate vitamin D status (29) . Population distributions were calculated by using SAS version 9.2 with CIs calculated by using SUDAAN 10.1 as described in the CHMS data release by Statistics Canada (30) . Comparisons between means were calculated by using the z test.
RESULTS
Standardizing the originally measured 25(OH)D values
The standardization procedure (Supplemental Figure 1) Figure  1) . After this step, overall cycle 1 values decreased from 67.7 6 1.2 nmol/L (original) to 64.4 6 1.1 nmol/L (mean 6 SE, n = 5306; P = 0.05) and cycle 2 values decreased slightly from 63.8 6 1.9 nmol/L (original) to 62.1 6 1.6 nmol/L (mean 6 SE, n = 6030; P = 0.6).
Second, relations between the current immunoassay method and RMP values from Ghent and the NIST were derived by measuring 50 serum samples with values assigned by the NIST and Ghent RMP [(25); Figure 2 ]. The NIST-and Ghent-assigned values represent primary standards because their values have been measured by using the 25(OH)D RMP. Thus, the second measurement calibrated the "current method" to the RMP. Substituting the regression result from the first step for the "current" variable in the equations from the second step and simplifying resulted in equations for standardizing the originally measured values in cycles 1 and 2: The final combined equations reduced the overall population mean 25(OH)D values to 57.2 6 0.9 nmol/L (mean 6 SE, Standardization shifted the 25(OH)D distribution to the left for both cycles 1 and 2, but the effect was larger for cycle 1 ( Figure  3) . The standardization procedure also tended to bring in the tails of the original distribution so that the standardized data more closely reflected a normal distribution. As a result of standardization, the mean concentration of 25(OH)D decreased from 65.7 6 1.1 to 58.3 6 0.9 nmol/L after standardization (P , 0.00001; Table 1 ). The downward shift in the distribution also led to an increase in the proportion of the overall population falling below the physiologically equivalent vitamin D EAR value of 40 nmol/L when compared against the originally reported CHMS data (Table 1 and Figure 3 ). Further analysis showed some notable age and sex differences. Figure 4A) ; the mean value across all ages and sexes decreased from 67.7 6 1.2 nmol/L (mean 6 SE, n = 5306; cycle 1) to 63.8 6 1.8 nmol/L (mean 6 SE, n = 6030; cycle 2). This trend disappeared or was reversed after standardization ( Figure 4B) . Comparison of the standardized data by age and sex groups showed a significant increase in 25 (OH)D in females aged 51-70 y: 58.1 6 0.9 nmol/L (n = 550 for cycle 1 vs. 65.4 nmol/L for cycle 2, n = 566; P = 0.012, Bonferroni corrected; Supplemental Table 2 ). However, this difference disappeared when the sexes were combined ( Figure 4B ).
DISCUSSION
The ability to compare survey results over the long term is a critical step in the development of government policies, requiring an understanding of time-dependent changes in status and differences in racial-ethnic groups that make up populations. The VDSP procedure offers a mechanism for this comparison by providing a procedure for standardizing past results. Standardization is important for all methods because immunoassays can be subject to matrix effects (31, 32) , and the newer liquid chromatography-tandem mass spectrometry methods have been shown to be variable among laboratories (33) . The CHMS survey exemplified the need for standardization. The relatively lower proportion of the Canadians who are nonwhite (w20%) makes it difficult to analyze for dietary, seasonal, and latitude effects within a single cycle because this group is not oversampled in the current design. Only by combining data from multiple cycles will it be possible to use CHMS data to analyze for factors that affect 25(OH)D. There were also methodologic concerns: samples were measured over several years, and the method/instrumentation changed significantly over the 3 cycles since its beginning. The immunoanalyzer was changed after cycle 1, and the assay was modified by the manufacturer at the completion of cycle 2 (switch from plasma to serum). Whereas crossover data (collected throughout) and quality-control data indicated no obvious issues, assay drift was monitored only starting with CHMS cycle 2. The greater reduction in CHMS cycle 1 values (compared with cycle 2 values) showed that undetected assay drift was an issue. This may have 1 All values are cumulative population percentages 6 SEs; 95% CIs in parentheses. NA, not available (the number of respondents was so low that values were too unreliable to be published); 25(OH)D, 25-hydroxyvitamin D.
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been the result of many factors, including the intended use of clinical assay systems to compare values to acceptable ranges or population distributions (33) vs. the constant requirement for accuracy in a research setting. The potential effect of different operators (11, 12, 33) did not apply to cycles 1 and 2 of the CHMS, for which a single principal operator performed all of the measurements; however, this did not rule out subtle procedural changes that may have occurred. External controls used during this period are unlikely to have helped correct for assay drift (22) . The VDSP standardization procedure used here was validated by using data collected in Ireland (25) . This method is not tied to any predefined mathematical model. For example, the Irish national survey data were best fit by a piecewise linear model, and the predicted values were well matched to samples re-analyzed by liquid chromatography-tandem mass spectrometry (25) . In the current study, the data were best fit by a linear model, although some points fell below the line at high (.100 nmol/L) values of 25(OH)D as a result of issues of repeatability in this region (22) . A potential drawback of this procedure is that the standardization of 25(OH)D concentrations at the high end of the distribution may be problematic because of the apparent breakdown of some assays in this range. This may arise, in part, because the antibodies used in many immunoassays are highly cross-reactive with 24,25-dihydroxyvitamin D 3 (34) . This was not a major factor in assessing the CHMS distribution for adequacy at the EAR value, which fell well below the median of the curve.
The other major concern with a 2-step procedure is the greater potential for introducing measurement error, because the best estimates from each derived relation have their own uncertainty and potential bias. This means that the variability associated with the coefficients in our final (combined) equations is higher than that of the 2 original regressions. Note that, when equations are used to estimate population risk at a defined cutoff value, it is common to ignore the variance associated with standardization in the final reported values. Thus, the values reported in the current study were calculated assuming that the standardization introduced no extra uncertainty. In addition to increased uncertainty, there is also the potential for lot-to-lot bias and for assay shift between measures when more than one step is performed. In the current study, this was minimized by performing measures within a short time period with reagents with the same lot numbers. Although this was possible for cycle 2, instrument issues arose during the remeasure of cycle 1, which made it necessary to analyze this cycle over different times.
Standardization had an effect on the survey results and reversed the originally observed decreasing trend in 25(OH)D over time. From a population perspective, a decreasing trend appeared counterintuitive because of increased awareness of a link between vitamin D and health. Part of the decrease in 25(OH)D over time could have been attributable to changes in the methodologic bias itself, which have been documented (33, 35) . This could have accounted for a greater correction required for cycle 1, especially because the overall LIAISON method bias among laboratories decreased during the time frame of cycle 2 (33, 35) .
Relative to the original data, a higher percentage (w20%) of the overall population had 25 ongoing, long-term surveys. Note that the standardization results presented here cannot be generalized to other laboratories using the same method or to any other method; standardization is a procedure for transforming data collected with a single method by a single laboratory to an RMP.
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